from this laboratory (14) concerned the effects of changes in carotid sinus pressure on the peripheral resistance in the anesthetized cat and dog. It produced a semiquantitative description of that relationship which has since been corroborated (9) . In that study, the time constants of the response were relatively unchanging, but the "gain" constants exhibited a wide variability, and the amount of control exerted by the reflex at times appeared surprisingly low. Many anesthetized cats and dogs showed small reflex effects and we felt that the reflex might be much more powerful in the unanesthetized animal. This paper presents studies of the reflex in the unanesthetized dog and concerns the effects of changes in arterial pressure on the interval between heart beats. The study in part concerns the relative contribution of vagal and sympathetic nervous activity to the reflex changes in cardiac interval.
It is relevant to the classical viewpoint (5, 13, 16) which considers heart rate responses to altered baroreceptor pressure to result from reciprocal changes the vagal and sympathetic motor discharge to the heart. The classical viewpoint has been challenged by Glick and Braunwald (4) and by Robinson et al. ( 12) . Glick and Braunwald felt that responses to increased arterial pressure involved predominantly vagal compensation whereas responses to decreased arterial pressure involved predominantly sympathetic compensation. Their conclusions have been challenged by DeVleeschhower and Heymans (2) who restated the classical view, and by Robinson et al. ( 12) who felt that the balance between sympathetic and parasympathetic responses depended on the preexisting level of activity in these two branches of the autonomic nervous system. More recently Berkowitz et al. (1) found predominantly sympathetic responses to electrical stimulation of the carotid sinus in anesthetized dogs. This paper attempts to derive equations describing the pressure-heart rate response and is also relevant to the attempt by Katona (6) to model the heart rate response. Our studies differ from most prior studies because they involve responses to dynamic changes in arterial pressure in unanesthetized animals.
METHODS
Forty healthy mongrel dogs underwent sterile surgery. The following devices were implanted: 1) a plastic occlusion cuff containing a small balloon at the origin of the aorta, 2) a miniature arterial pressure transducer high on the descending aorta, 3) a second occlusion cuff below the pressure transducer on the descending aorta, 4) a set of atria1 and ventricular electrodes which were used to record electrocardiograms and to furnish triggering signals for computer recording, 5) in some cases a flowmeter was placed on the descending aorta usually below the lower occluding cuff. The animals were allowed to recover from surgery for 2 weeks. All animals which underwent experimental studies appeared completely healthy: they had normal temperatures and hematocrits, no culturable pathogens in thoracic fluid, slow resting heart rates of 80 beats/min or less, and were able to exercise vigorously.
Where possible, animals were studied without any drugs. Nineteen high-spirited animals, however, were studied under morphine sedation (3 mg/kg) . Drugs which were used included atropine (. given in sufficient doses to lower or raise the mean arterial pressure, and Nembutal or halothane given as necessary to restrain the animals or to study the specific effects of those agents.
The transducers were connected to an Offner Dynograph recorder, and the following variables were recorded: I> electrocardiogram, 2) aortic pressure, 3) cardiac interval, 4) chest circumference was recorded by a belt around the chest connected to a pressure transducer, 5) at times pulsatile flow was recorded by the descending aortic flowmeter and the mean flow was determined through a conventional R-C integrator.
The mean arterial pressure was sometimes recorded as well.
When the animals were prepared for recording and control records had been taken, the caliber of the balloon within one of the occluding cuffs was altered by the injection of saline. Inflating the ascending aortic cuff decreased pressure at the carotid and aortic receptors, inflating the descending cuff increased pressure at the receptors. In the early studies, the pressure was raised or lowered by the manual injection of fluid to produce approximate steps, sine waves, ramps, etc., of pressure i.n a random pattern. The outputs of the pen-recorder channels were connected to a multiplexer and analog-to-digital converter on-line to a digital computer (Raytheon 440). During each QRS complex a cardiotachometer produced a pulse which was sent into the computer via a priority interrupt line. The data collection program places data into one-half of the computer memory until this pulse appears. Then the end of the beat is marked, the data loading is shifted to the other half of the computer memory, and the contents of the first half of memory are written on the computer's digital magnetic tape as a record, followed by a standard tape gap. The computer memory functions as a buffer so that no data are lost. Any number of heart beats (up to the capacity of a reel of tape) can be continuously recorded. This recording procedure makes it possible to load the data from a single heart beat into the computer which facilitates editing.
Each data channel was sampled from 125 to 500 times/set.
A typical experimental run consisted of 100-400 or more heart beats. A day's experimentation might include 40 runs. After the completion of a run or at times after the completion of a day's experimental runs, the tape containing the recorded data is edited by a program which contains proper algorithms to determine the following variables on each heart beat: 1) diastolic arterial pressure, 2) systolic pressure, 3) the area under the pressure curve (used to calculate mean pressure), 4) the area under the pressure curve up to the diastolic notch, 5) duration of ejection-the time between the diastolic pressure and the dicrotic notch, 6) the maximum rate of change of arterial pressure, 7) the chest size at the beginning of each heart beat, 8) the first and second derivative of the chest size, 9) the voltage on the sine and 10) the cosine potentiometers at the beginning of each heart beat, II) the duration of each heart beat determined by counting the number of samples in that record, and 12) the mean flow through the descending aortic flowmeter if this flow was recorded. All editing algorithms have been carefully checked against 'chand" editing.
Computer editing of several hundred beats can be done in a few minutes. Hand editing of the same data would take days.
When the resultant change in heart period was determined as follows:
the sinusoidal component of the pressure was determined by calculating correlation and regression coefficients between the recorded sine and cosine voltages and a pressure measurement on each beat. A similar correlation and regression are calculated between the sine and cosine voltages and the duration of each beat. From these we determined 0, the phase angle between interval and pressure, and M, the relative effect of a change in pressure on the interval. 0p = arctan rps/rpe 01 = arctan ris/ric 8 = BP -er where 0, and 01 indicate the phase angle between the pump and the induced pressure change and the pump and the reflex interval change, respectively, and r,, is the correlation of pressure with the sine wave, rpc the correlation with the cosine wave, and ris and ric are corresponding correlations with the interval. The transfer coefficient M, the ratio of the sinusoidal component of interval to that of pressure, ranged from .008 to .04 set/mm Hg. It did not vary with frequency (Fig. 4) . Although plots of pressure against interval were not straight lines, the curvature (nonlinearity) was not uniform in different animals. When step or other increases in pressure were imposed, the responses were consistent with the above description.
B. Efects of Inflating Ascending Aortic Cuff
When the pressure was lowered below the resting level by filling the ascending aortic cuff the responses took two forms: 1) in 35 % of the animals, the responses were similar to those described above; 2) in 65 % of the animals, regression analysis indicated that the system response was slower than that seen in A. Statistically there is a good correlation between the duration of a beat and the systolic pressure on that beat. Again the systolic pressure on a beat was the 1 s When the arterial pressure was raised above the control level with the descending cuff, the interval between beats rose roughly linearly with the pressure (Figs. 1, 2 and 3) . A statistical test using a regression analysis showed that under these conditions systolic pressure on a beat was the best single predictor of the duration of that beat. Little or no better prediction of the interval was achieved by considering additional effects of diastolic pressure, mean ejection pressure, maximal rate of change of pressure, any linear combination of these, or any similar pressure measurement on any earlier beat. (In Fig. 1 best single predictor of the duration of that beat. The prediction of the interval could, however, be improved by the addition of terms from preceding beats. When the phase (0) and transfer coefficient (M) were examined for sinusoidal changes in pressure, there was a consistent phase shift (interval lagging pressure) which increased with frequency of the applied sine wave (Fig. 4) (Figs. 5, 6, and 7) . Most of the responses in the above figures are not symmetrical in time. The intervals increase more quickly than they decrease. In some experiments we have used cuffs on the pulmonary artery or inferior vena cava to lower arterial pressure.
The results-were indistinguishable from those reported above, although inflation of the vena caval cuff cannot alter pressure rapidly.
C. Ejects of Profianolol
When propanolol was given to block the sympathetics, the responses to both increased and decreased pressure show no nhase shift as described in A above. The amnlifica-A. M. SCHER AND A. C. YOUNG tion factor M was as described in A when pressure was raised, but was greatly decreased when pressure was lowered.
D. Efects of A&opine
Under atropine the responses to inflation of either cuff were again similar. As in B there was always a phase lag (interval lagged pressure) and M fell with frequency. The relative effect of the pressure change on interval was lower than that seen in A, B, or C. Heart rates were high and percentage change in interval was lower than under the preceding conditions. The phase angle 0 was greater than in B above and gain lower (Fig. 8 ).
E. Neosynephrine, Amy1 Nitrite, and Hemorrhage Neosynephrine was used in some experimental runs to raise the arterial pressure. When this was done and either cuff was inflated, the results were as described under A above.
When where AI indicates a change in interval and APs a change in systolic pressure. This appears to be a vagal response: 1) it is abolished by atropine, 2) it is present with propanolol, 3) the responses are extremely rapid as were those seen by Warner and Cox (17) in their studies of the effects of vagal stimulation on heart rate. The no-lag response was the predominant response of the dog to increased pressure. B) A second response is seen when the ascending cuff is inflated and pressure is lowered.
Interval changes lag pressure changes. This response appears to be at least partly sympathetic for the following reasons: I) the responses are slower than those seen above: time constants are closer to those seen by Warner and Cox ( 17) hemorrhage of loo-150 ml, and the arterial pressure was altered with either cuff, the interval lagged the pressure. The lag increased with frequency and (M) the effect of a given pressure change fell as the frequency of the sinusoidal input was increased as in B (Fig. 4) General jn-oblems. The baroreceptor is sensitive to mean pressure and rate of change of pressure (3, 14) . When pressure changes, a parallel change in baroreceptor firing occurs, and after a small "transport" delay, increased vagal or sympathetic firing would take place for an increase or decrease in pressure respectively.
(These might be accompanied by opposite changes in the other branch of the autonomic system.) Correspondingly, acetylcholine or catecholamines would be released at the nerve terminations in the heart. There would be one set of time constants for production of each hormone and another set for the destruction of each hormone as described by Warner and Cox ( 17) . The interval would ideally be determined by the combined effects of the hormones.
A recent paper by Warner and Russell (18) shows that vagal and sympathetic responses do not add linearly. Indeed, vagal responses have the ability to override sympathetic responses. Statistical tests for fit indicate that in these experiments the systolic pressure on a beat is a sufficient pressure measurement to predict the effects of that beat on the interval for both vagal and sympathetic responses. With inflation of either cuff, systolic pressure rises or falls with mean pressure and rate of change of pressure. Prediction of interval is not improved by considering additional effects of diastolic pressure, rate of change of pressure, or mean pressure. Similarly, in his study Katona (6) used a mixture of mean pressure and systolic pressure as his cCinput" variable.
Consider the effect of one hypothetical hormone, H, whose production is determined by systolic pressure with one time constant for its production and a second for its destruction. Further consider interval proportional to H : K2 is between .003 and .04 for animals without anesthesia and lower with any anesthetic. The correlation is not improved by a time delay unless the heart rate is greater than 120. In two cases with high heart rates, time delays of 0.3 and 0.4 set improved the fit. (A time delay might mean that at a particular instant, the effect of the pressure on the last beat, or last several beats, might not influence the present interval since these beats might be still cCin transit.")
In most experiments if we attempt to find a time delay by lining up actual and predicted intervals no clear-cut delay is seen (Figs. 6, 7, and 11) .
Inspection of Figs. 6, 7, and 8 shows that the responses are not symmetrical.
Even during '%ympathetic" responses the intervals increase (as pressure rises) more rapidly than they fall (as pressure falls). The agreement between predicted and recorded intervals is improved slightly but significantly (correlation .88-.96) if the data are treated separately depending on whether pressure is rising or falling.
into account the competing effects of respiration on interval. Responses to ascending aortic cuJ. In these responses which we considered at least partly sympathetic, the interval change lags the pressure change. These sympathetic responses are seen most clearly under atropine or Nembutal or when pressure is lowered.
Assume there is a constant production of sympathetic hormones which is decreased when pressure rises (and is greatest at low pressures). At some high pressure PO the production ceases. Other comments. We believe that the use of heavy anesthesia, particularly barbiturates, is a major factor in determining the responses in classical studies and in those of Berkowitz et al. (1) . In our experiments, barbiturates not only increased the phase lag between pressure and interval but actually increased it more than did atropine.
It is not clear how nembutal can have this effect. It might be due to the decreased sensitivity of the reflex under Nembutal since increased sensitivity ("gain") might decrease the time constant of a feedback system. To test this, we examined several animals who showed low sensitivity for very small pressure changes and increased sensitivity for higher changes. These animals showed similar phase responses in both cases which seems to rule out the above possibility. In these studies the time constants of sympathetic (and probably vagal) 
